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INTRODUCTION AND SUMMARY

The objective of this program is to develop an understanding of the
mechanisms controlling hypergolic propellant blowapart and with that under-
standing develop a model containing the parameters controlling blowapart
which will aid the design of stable high performing injectors. The mechanisms
will be defined through test and analysis of subscale injectors using princi-
pally N204/MMH propellants and injectors and test conditions representative

of the OME and Space Tug applications.

The program consists of three tasks. The objectives of the Task I
effort are; to critique all existing models relating to b]owapart,‘to
summarize and review all associated experimental data and formulate updated
models. The Task 11 effort consist of preparing a detailed program plan. The
objectives of the Task III effort are to define the mechanisms governing
blowapart through the design, fab, test and analysis of single element in-

jectors.

This document summarizes the work performed during the Task I, Model
and Data Review; effort. Results of the model review indicate that neither
of the two existing blowapart models (JPL model and ALRC model) adequately
correlate the experimental data. New data correlations show that the para-
meters exhibiting a controlling influence over blowapart are the chamber
pressure, orifice diameter, and propellant temperature; The data plots

indicate the existence of four reactive impingement regimes;

° Mixing
. Popping (cyclic blowapart)
° Low pressure separation (P. & 300 psia)

° High pressure separation (PC7300 psia)
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Introduction and Summary (cont.)

New models of reactive impingement were formulated to account for all four

modes.

IT PROBLEM DESCRIPTION

Popping and RSS are important design considerations because they can

adversely affect performance and stability.

RSS has been observed to significantly reduce the performance of

the following types of impinging injectors:

. Unlike Doublet
° Triplet
0 Like Doublet

Experimental test results from the various OMS Engfne Technology
Programs have provided quantitative data of the effect of RSS on performance
caused by increasing the fuel temperature from ambient to a level simulating
operation with a fuel regeneratively-cooled chamber (~200°F). In many cases,
the injector performance decreased almost linearly with increasing fuel temp-

erature as shown in Figure 1.

The energy release efficiency decreased from 2 to 5% as the fuel
temperature was increased from 50 to 240°F with two ALRC subscale OMS unlike
doublet injectors (Figure 1). Similar results were also obtained with a full-

scale OMS unlike doublet injector.

Other types of impinging element OMS injectors have also exhibited

RSS, on contract NAS 9-12803 a F-0-F triplet injector demonstrated a C*




11 Problem Description (cont.)

decrease from 1/2 to 1% with heated propellants. On Contract NAS9-12802
subscale tests with like-doublet elements in a short chamber showed a 5-7%

decrease in C* with heated fuel. |

Performance Reductions due to RSS have been found to be influenced by:

) Propellant Temperature
° Element Size

) Element Spacing

] Chamber Length

The effect of RSS was lessened with increasing chamber length and de-

creasing orifice size as shown in Figure 2. RSS was noted with both N204/A-50

and N204/MMH propeliants.

Random high amplitude short duration (less than a millisecond) pressure
and accelerometer disturbances were observed with the N204/Amine fueled Apollo
Spacecraft engineé during their development phase and more recently on some OMS
development engines. These disturbances, called pops, are undesirable because they E
may trigger damaging combustion instability. In all of the Apollo engines the 5
pops were eliminated or reduced to acceptable levels through trial and error
testing since there were no design criteria by which logical element or patfern
changes could be made. The pops were generally attributed to random accumulation
and monopropellant explosion of fuel pockets or zones caused by such things as
poor element or pattern design, orifice flow instabilities (hydraulic flip),
plugged oxidizer orifices, or fuel leakage through weld cracks. Although these
causes are certainly possible recent investigations demonstrate that the observed
pops are related to combustion phenomena associated with unlike hypergolic

propellant stream impingement. For instance it has been shown (Ref. 1-5) that
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I1 Problem Description (cont.)

small local explosions of fuel and oxidizer, rather than monopropellant fuel
explosions, are the source of pop triggers. The pops and/or pop triggers can
upset engine stability by driving the feed system dynamics and/or chamber

acoustics and by modifying the energy release profile as illustrated in Figure

3.

Pops have been found to be influenced by:

) Propellant temperature

) Chamber Pressure

) Injection Velocity

] Orifice Size

) Stagnation Pressure Ratio

Although the mechanisms controlling pops and RSS are not thoroughly
understood at present, a significant amount of effort has been expended which
forms the basis for this understanding. The results of a critical review of the

related work is presented in the following section.

ITI LITERATURE REVIEW

A summary of the literature reviewed is contained in Table I. The key
finding of each investigator is summarized under the comments heading. A

summary of the range of parameters covered in these studies is shown in Table
4

11,
Past investigations have:

) Identified four operating regimes for hypergolic stream
impingement.



111 Literature Review (cont.)

) Demonstrated techniques of identifying and measuring
RSS and pops.

) Identified many of the design and operating parameters
influencing RSS and pops.

] Provided a multitude of RSS and pop data.

. Postulated two theoretical models for the prediction

of one or more of the reactive impingement regimes.

Experimental studies have identified four operating regimes for reactive
stream impingement as illustrated in Figure 4. The occurrence of any of these
regimes was found to be dependent on many engine operating and design para-
meters. The following conditions were found to be conducive to the occurrence

of each operating regime:
) Mixing -

Lower Propellant Temperatures
Lower Reactivity Propellants
Smaller Orifice Size

Unequal Stream Dynamic Pressures
() Separation -

High Fuel Temperature

High Oxidizer Temperature
(oxidizer vaporization)

Highly Reactive Propellants

Larger Orifice Size
° Penetration -

Low Reactivity Propellants
Small Orifice Size

Low Injection Velocity .



II1 Literature Review (cont.)
° Popping -

Lower Propellant Temperatures

Lower Chamber Pressure (200 psia or less)
Larger Orifice Size

Higher Contact Time (D/V)
Reactive Propellants

Equal Stream Dynamic Pressures
Quantitative description of these operating regimes has been lacking.

The following sensing techniques have been used to identify the various

impingement regimes in past investigations:

[ PHOTOGRAPHIC
Color Still Photography
B&W Emission Spectra

High Speed Movies

. PERFORMANCE MEASUREMENT

Conventional Chamber
Baffled Chamber

[ PRESSURE MEASUREMENT
) ACCELEROMETERS

° MASS SPECTROMETER

° THERMOCOUPLES

Photographic techniques provide a qualitative measure of the reactive

stream flow characteristics and were used in the first reported evidence of




111 Literature Review {cont.)

stream separation (Ref. 6). High speed movies were also instrumental in the
identification of cyclic blowapart of single doublet elements (Refs. 2, 3, 5

and 7). The performance measurement technique with conventional chambers
provided a psuedo-quantitative measurement of stream separation by comparing

the performance of a system while varying the parameter which influences stream
separation (Ref. 8). For example, the decrease in performance with increasing
fuel temperature resulted presumably from increasing reactive stream separation.
Performancé measurements with a baffle chamber provided more conclusive quan- |
titative measurement and are capable of identifying the mixed, separated, and
penetrated flow regimes (Ref. 9). The Pc and accelerometer measurements have
been used to identify the "poppihg" regime (Refs; 1, 3, 5, and 9). Finally,

the mass spectrometer and thermocouple measurement techniques were used to
measure the mixture ratio distribution downstream of the reactive stream impinge-
ment providing a quantitative measurement of the reactive stream mixing process

(Ref. 11).

IV DATA COMPILATION AND ANALYSIS

The data generated by the following investigators were tabulated for

computerized data analysis:

. Lee and Houseman
° Zung and White
0 Nurick and Cordill

A computef program was written to summarize the data and to calculate
and plot correlation parameters. The computer listing and data summaries are
included in the Appendix. An example of the computer correlation plots is shown
in Figure 5. Of all the correlations plotted the factors providing the best

correlation are: .



IV Data Compilation and Analysis (cont.)

(] Chamber Pressure
(] Orifice Diameter
) Propellant Temperature

These factors were found to exhibit the controlling influence over.the

nnnnnnnnnnn ~ +ha miv
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DATA CORRELATIONS

The data were used to construct correlation plots to define the first
order controlling parameters. This was done by plotting the data versus

several parameters including:

° 1/T vs (D/V)f
° P vs Df

° P/Dvs T

' P/D vs (D/V)f
. /D2 vs T

° P vs ]/Vf

° Pvs T

The most interesting correlations were obtained with the P vs 1/Vf and
P vs T plots. Examination of the P vs 1/Vf plots shown in Figures 6 and 7 in-
dicate the occurrence of RSS and popping to be independent of the injection
velocity which seemingly conflicts with previously reported data. However,
this is not the case if a distinction is made between the limits of pop occurrence

and the characterization of the pops within these limits. Houseman (Ref. 5) and

Nurick (Ref. 4) found a definite correlation between pop rate (pops/sec) and

velocity (D/V) which lends to the characterization of the pops but does not des-

cribe the limits of occurrence.



Iv Data Compilation and Analysis (cont.)

The limits of occurrence are observed to be primarily dependent on
the chamber pressure and orifice diameter. The orifice diameter seems to
exhibit an overwhelming influence on the pop limit as shown in Figures 8, 9
and 10. These plots also indicate the existence of two distinct modes of RSS;
a high-pressure mode and a low-pressure mode as previously reported by
Zung (Ref. 3). The low pressure mode is associated with N204 boiling which
prevents stream penetration and mixing. The second mode of RSS occurs at
pressures above 300 psia. Modeling of this RSS mode is discussed in the

subsequent section.

In summary the data correlations show four distinct modes of

reactive stream impingement;

| Mixing

) Popping

(Y Low Pressure RSS (PCA: 300 psia)

) High Pressure RSS (P > 300 psia)
v MODEL REVIEW AND CRITIQUE

The following two models are the only ones reported in the literature

for predicting the occurrence of RSS and pops;

° JPL Model
e ALRC Model

The first model is that developed by Kushida and Houseman (Ref. 12).
It postulates two regimes of RSS, (1) a low pressure separation due to 1iquid

phase reactions, and (2) a high pressure separation due to gas phase reactions.
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v Model Review and Critique (cont.)

The model defines the regimes of mix and separation in terms of the chamber

pressure, propellant temperature, and impingement contact time (D/V) as shown

in Figure 11.
The rationale behind the development of this model is as follows:

The low-pressure-separation condition occurs when the liquid phase

reactions heat the propellants to the bubble point. This condition exists when:

Pi B
where:
TP. = propellant temperature at the impingement point
i
TB = propellant boiling temperature

Although Kushida does not develop this portion of the model in detail
it can be done as follows. TP. is determined by the liquid phase heat release
i
rate and the contact time within the impingement zone.

P1 P0 P
where:
TP = propellant injection temperature
0
ATP = temperature rise due to liquid phase reactions
ATP = Q tr MR/MH CP
Q = 1iquid phase heat release rate, Kcal/sec-mole of oxidizer
MR = mass of propellant reacted, moles
MH = mass of propellant heated, moles

-10-



v Model Review and Critique (cont.)

CP = specific heat of propellant, cal/mole-°K
tr = contact time, sec.
using:
Cp = 23 cal/mole~°K for hydrazine
. *
Q = 83 x 103 kcai/sec-moie of oxidizer
- 6 o
ATP = 3.6 x 107 °K/sec x tr x MR/MH

The average contact time is:

tr = D/V

where:

[ww ]
H

jet diameter, feet

<
[}]

jet velocity, ft/sec

To calculate ATP requires that the ratio MR/MH be assumed. Although Kushida
does not report the value used it was calculated to be about 0.5 as follows.
Figure 11 shows separation is predicted to occur below pressures of about 38
psia for a contact time of 40u sec and 40°F propellants. Using this contact

time and the N204 saturation temperature at 38 psia, the assumed ratio of MR/MH
is about 0.5.

The second mode of stream separation is postulated to occur at high pressure
due to gas phase reactions at the propellant stream interface. The interface is
modeled as a stable gas film separating the liquid streams. The rate of fuel

and oxidizer transport into the film is presumed to be limited by vaporization.

*
Kushida's reported value of 83 Kcal/sec-mole of oxidizer is in error.
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v Model Review and Critique (cont.)

The reaction film thickness is determined by a momentum balance on the reaction
volume. Using a hydrazine/N204 reaction mechanism and rate reported by Sawyer
and Glassman (Ref. 13) Kushida is able to develop a relationship between the

contact time (D/V) and the pressure through the gas density.
Separation is postulated to occur if:
-1.5
D/v > 35 (100/P)

where:

P = chamber pressure, psia

The weakness of this model is that it assumes the existence of a stable gas
film with laminar flow at the contact point. Recent cold flow and reactive
impingement experiments (Refs. 3, 4, and 5) show the impingement process to

be highly unstable and cyclic in nature.

The RSS/pop data summarized in the Appendix were plotted on the pressure/
contact time coordinates (Figure 12) to check the Kushida model. It is evident

that the model does not adequately correlate the mix and separation regimes.

ALRC MODEL

The second model, developed by Lawver (Ref. 1) describes regimes of
mix, pop, and separation for reactive stream impingement as well as describing
inter-element spacing requirements for preventing coupling of single-element
pops with adjacent element sprays. Reactive stream impingement is postulated

to be controlled by liquid-phase reaction kinetics and mixing.
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v Model Review and Critique (cont.)

The onset of stream separation is postulated to occur when the stream residence

time exceeds the ignition delay time:

TRES = Tign
where:
TRES - D/V
and:
T _ E/RT
ign = Ve
Y = reaction rate constant
E = activation energy
R = JUniversal gas constant
T = Propellant temperature

- The pops are postulated to be due to the ignition of well-mixed fuel and

oxidizer within the ligament formation zone. Pops occur when:

where:

Nig © (200/v) (D/V)

For a complete derivation see Reference 1.

The regimes of mix, pop, and separation are defined by plotting (1/T)

versus (D/V) as illustrated in Figure 8.

Using this model of reactive stream impingement, a stream separation para-

meter, I, was defined such that:

-13-



v Model Review and Critique (cont.)

I = (Tign)SEP/(Tign)

where:

(Tign)SEP = ignition delay at separation limit

Te

ign ignition delay as determined by fuel temperature

A large set of Apollo engine pop data, in the 100-150 psia range, were

correlated with this parameter (Ref. 1) to define regimes of engine popping.

The data correlations showed that most engines operate within the regime of
element popping, therefore, it became necessary to prevent interelement coupling
to eliminate the engine pops. On the basis of high speed movies (Ref. 2) which
showed the element pops to be highly localized explosions it was theorized: that
the pops behave as spherical blastwaves in which the pressure decays rapidly
with distance. With this theory it was possible to develop the following

element spacing parameter.

D= R/S
where:
R = 49.2 (0P '3 in,
Df = fuel orifice diameter
Pc = chamber pressure
S = element spacing, in.

See Ref. 1 for a complete development. Coupling occurs when:

D> 1.2

Application of this spacing criteria to the Apollo SPS I0S injector

(Ref. 1) eliminated the popping.
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v Model Review and Critique (cont.)

The RSS data tabulated in the Appendix were plotted on the (1/T) versus
(D/V) coordinates to check the Lawver theory. The results showed poor corre-
lation especially at higher pressures. The atmospheric pressure data are shown
in Figure 9. It is evident that this model does not adequately define the mix,

pop, and separate regimes.

The model's failure to adequately correlate the various regimes does
not invalidate its ability to accurately predict pop coupling. The pop blast-
wave coupling model merely states that given a regime of element popping,
coupling will or will not occur given certain conditions of chamber pressure,
element size and spacing. The successful application on the Apollo I0S and

the ALRC OME engine studies is ample verification.

Since neither the Kushida/Housman or Lawver models adequately correlate
the operating regimes it was desirable to develop a new model of reactive stream

impingement.

VI NEW MODEL CONCEPTS

A new model of reactive stream impingement was formulated in parallel
with the proposal effort through the examination of the new RSS data correlations
and re-examination of the physical and chemical processes involved. The

new model presumes four regimes of reactive impingement:

° Mixing or Penetration

) Popping (cyclic blowapart)
) Low pressure separation

) High pressure separation

-15-




VI New Model Concepts (cont.)

The existence of these regimes is a consequence of the complex reaction
mechanisms of the N204/Amine propellants. Although reaction can occur in

four basic modes;

° High enthalpy gas-phase oxidation reaction
® Low enthaipy surface reactions

° Monopropellant decomposition

° Liquid phase reactions

true liquid-phase reactions have only been observed with dilute mixtures

of N204 and N2H4 (Ref. 14). They are not likely to occur under reactive

stream impingement conditions due to their immiscibility and the apparent

Tow degree of 1iquid/11quid mixing observed with 1iquid stream impingement.

The controlling reaction mechanisms for each of the four regimes is illustrated
in Figure 15. The pop is postulated to be a consequence of the transition

from a low enthalpy surface reaction mode to a high enthalpy gas-phase reaction
mode with attendant ignition of explosive intermediate formed during the pre-
ignition phase. The transition is a consequence of self-heating by the surface
reactions. The heat-up time and the amount of heating both depend on the orifice
size. Small orifices produce smaller ligaments which can heat to the ignition
point before appreciable amounts of intermediates are formed. They also res-
trict the contact time (i.e., heat-up time). Larger jets produce correspondingly
larger ligaments which allows sufficient self-heating and intermediate accumu-
lation to produce pops. The self-heating by surface reaction is controlled

by the volume to surface ratio and is therefore a function of the orifice.

diameter (D).
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VI New Model Concepts (cont.)

Stream mixing occurs when the orifice diameter is sufficiently small to
prevent pops or when the pressure is sufficiently high to suppress transition
from surface reaction to vapor-phase reaction until the Tigaments are shed

into droplets.

Low-pressure RSS occurs when the N204 temperature exceeds its saturation
temperatures. The resultant two-phase stream enhances surface and/or gas phase

reactions which prevent interdispersion of propellant droplets.

High-pressure RSS is postulated to be a consequence of monopropellant
decomposition of the fuel vapor due to recirculation gas heating of the fuel
stream ahead of impact. The resultant decomposition produces gas-phase reactions
upon contact with the oxidizer stream. This mode of separation is controlled

by the fuel vapor pressure.

POSTULATED POP MECHANISMS

Studies to date have identified the following pop characteristics:

() Cyclic nature

0 Explosions originate close to impingement point

° Explosions emit high velocity blastwaves

° Explosions have been classified as to their strength

° Frequency of occurrence and strength depends on diameter,

D/V, and fuel

Nurick and Cordill (Ref. 4) suggest the possibility that the explosions
may be due to either ignition by impact of explosive intermediates or ignition

of mixed propellants. The possibility of ignition of shock-sensitve intermediates

=17~



VI New Model Concepts (cont.)

by impact is not likely since the calculated impact forces for typical stream
velocities are orders of magnitude lower than that required. For instance

the maximum impact force for a 0.040 in. diameter jet at 50 ft/sec velocity is

43 x 10'8‘ft-1b. A minimum of 4 ft-1b is required'(Ref. 16). Also it is observed
that the popping frequency and strength decrease with increasing velocity which

is the inverse of that expected for an impact ignition mechanism.

The explosions could also be triggered by compression of the gas bubbles
formed as a result of the surface reactions. Adiabatic compression of the
gas bubbles by 1iquid stream impact could produce sufficiently high temperatures
to trigger the explosive intermediates. This process would be expected to be
highly random in nature. However, the propensity for pop would be expected to
increase with orifice diameter and decrease with pressure. This theory can be
investigated by saturating the fuel with pressurant gas or injecting gas into
the manifold to produce gas bubbles at the impingement point. Popping would be

expected to worsen with bubble injection.

It is more likely that the explosions are due to ignition by hypergolic self-

heating through interfacial surface reactions as described below.

During the proposal phase, high speed color movies were taken of cold
flow stream impingement using streams of water and dyed water in an effort to
more fully understand the impingement process. It was found that the cyclic
nature is due in part to the normal stream breakup process. The formation of
surface waves is evident in the film sequence. The stream breakup process is

controlled by the stream hydraulic and interfacial forces.
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VI New Model Concepts (cont.)

Examination of the movie sequence shows the existence of distinct globs
of water and dyed water indicating a lack of liquid-phase mixing. Therefore
nonreactive impingement appears to be dominated by interfacial forces. Likewise
reactive stream impingement of immiscible fluids is not expected to produce
extensive liquid-phase mixing. This conclusion was also reached by Breen
et. al., (Ref. 17), on the basis of reactive tests. Also reaction kinetic data
derived from N204/N2H4 stream impingement data (Ref. 18) were found to agree
well with the gas kinetic data of Sawyer and Glassman (Ref.13). This observation
along with that of Weiss, et. al., (Ref. 19) showing N204/N2H4 to be immiscible
led Breen to the conclusion that the reaction between 1iquid surfaces may be

controlled by vapor phase kinetics.

Evidence in support of this theory is provided by the results of the
liquid phase mixing experiments of Rodriguez (Ref. 20). The liquid-phase
heat release rates reported by Rodriguez would suggest that MMH is more reactive
than N2H4 which seemly conflicts with the impingement test results. However,
his results are reasonable if in fact a gas-phase reaction is measured. A
rather clear correlation is provided by comparing the vapor pressure to the

measured heat release rate as in Table III.

Hypergolic surface reactions were first described by Lawver (Ref. 21)
during a study of N2H4 droplet combustion. Droplet ignition was observed to
occur through a surface reaction which produces a white milky substance on the
droplet surface which has since been identified as ammonium nitrate._ Ignition
proceeds by surface reactions which heat the Tiquid fuel to the ignition point
as shown in Figure 16. At the ignition point the reaction changes from the

surface to that of a droplet diffusion flame.
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VI New Model Concepts (cont.)

In a later study Zung (Ref. 22) characterized N,0,/N,H, ignition.
Photographs taken during this study clearly show surface reaction phenomenon.
Ignition was found to be a transition from low enthalpy surface reaction to
high enthalpy vapor phase reaction as illustrated in Figure 17. Zung found
the ignition point to depend on the N204 concentration and the N2H4 tempera-

ture, as shown in Figure 18.

At N2H4 temperatures below 107°F, ignition (i.e., transition from
surface reaction to diffusion flame) is controlled by diffusion of N204 vapor
to the liquid N2H4 surface. At temperatures higher than this, ignition is
controlied by vapor phase kinetics. Above 187°F ignition is influenced by

N2H4 decomposition kinetics.

On the basis of these observations it is postulated that pops are due
to a transition from low enthalpy surface reactions to high enthalpy vapor-
phase reactions. The explosions result from rapid combustion of explosive

intermediates formed during the pre-ignition surface reaction phase.

POSTULATED HIGH PRESSURE RSS MECHANISM

During an examination of the data correlations in the proposal phase it
was noted that high pressure RSS occurs above 300 psia for N204/N2H4. It was
also noted that the N2H4 saturation temperature (450°F) at this pressure coincides
with the N2H4 vapor decomposition temperature (Ref. 15). This observation suggested
a monopropellant decomposition mechanism for high-pressure RSS. It was postulated
that RSS could occur as illustrated in Figure 19 by recirculation gas heating of
the surface film of N2H4 to the boiling point prior to impact. At 300 psia
this would result in monopropellant decomposition of the surface film thus pre-

venting stream mixing. This mechanism of RSS would be expected to be independent
of jet size and fuel temperature as the data indicate. Extending the theory

-20-



VI New Model Concepts (cont.)

to other fuels would suggest that separation with MMH, A-50, due to their

higher vapor pressures as shown in Table IV.

[t was decided to analytically verify this theory during the contract
Task I effort. The results of the modeling presented in the following section
indicates inadequate neating of the free stream to heat the fuel stream
to the saturation temperature. The theory will be eva]uafed by testing with
elements having zero free stream length (i.e., zero impingement distance) and

by temperature probing of the fuel stream.

VII HIGH PRESSURE RSS MODEL

High pressure RSS was theorized to be result of monopropellant
decomposition mechanism as illustrated in Figure 19. Combustion recirculation
gas heats the surface film of fuel to the boiling point in the free-stream
ahead of impact. The resultant surface film monopropellant decomposition

prevents inter-propellant stream mixing.

The fuel stream liquid temperature and fuel vapor temperature were
calculated using the heat and mass transfer equations developed by Priem in
NASA-TR67 for droplet vaporization. A cross-section of the fuel jet is
illustrated in Figure 20 showing the vaporization mechanism. Also shown for
reference are the typical temperature profiles for fuel vaporization with and
without monopropellant decomposition of the fuel vapor. The influence of the
decomposition is to accelerate the heat flux by steepening of the temperéture
gradient. The equations describing the heat and mass transfer are shown in
Figure 21. These equations were computer coded for a finite difference cal-

culation as illustrated in Figure 21. The Nusselt numbers used are shown
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VII High Pressure RSS Model (cont.)

in Figure 22. The classic Ranz-Marshall correlation is used for fuel vapori-
zation without decomposition and a predicted Nusselt no. which accounts for
decomposition is used for the case of monopropellant decomposition. A computer

listing is included in the Appendix.

The computer results indicate that for a hydrazine free-jet length
of 4 L/D's injected at 50 ft/sec the liquid temperature rise would be on the
order of only 10°F for jets from .027 to .060 inches diameter at 300 psia
chamber pressure. Less than .1 percent of the liquid mass would be expected
to vaporize prior‘to impingement. These calculations indicate that insufficient
pre-impingement heating occurs to heat the fuel stream to the saturatidn
temperature. Thus it is concluded that free-stream heating by recirculation

gas does not control high pressure RSS.

However, it may be possible that recirculation gas heating within the
fan development zone before fan breakup may account for the observed separation.
Assuming that liquid phase fan mixing is minimal it can be theorized that the
higher surface area/volume fan (compared to the cylindrical free-stream (jet)
has sufficient time to heat to the saturation temperature. Fuel boiling and
monopropellant decomposition would than prohibit subsequent mixing by creating
a gas buffer zone. Experimental data will provide clarification of this theory.
High pressure RSS occurring through this mechanism would be expected to bev
primarily a function of chamber pressure wifh jet diameter and fuel temperature
exhibiting secondary influences which is consistent with the trends shown by

the data of Zung.
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PARAMETER

POP STUDY

TABLE II

PARAMETER SUMMARY

RANGE INCLUDED IN STUDIES

Propellant Combination

tlement Type

Element Size

Element Mixing Efficiency
Element Spacing

Injection Velocity
Chamber PrQSSure

Fuel Temperature

Oxidizer Temperature
Mixture Ratio

Stream Dynamic
Pressure Ratio

N204/N2H4, N204/MMH, N204/A-50, N204/UDMH,

rroees

N204/M-50, N204/Furfury1 Alconoi, IRFNA/UDMH,

C]FS/NZH4

Unlike Doublet, Like Doublet, Quadlet, F-0-F
and 0-F-0 Triplets ‘

.020 to .236 in. Dia.

0.1 to 1.0

Not Specified

5 to 145 ft/sec
Atmospheric to 500 psia
40 to 250°F

-10 to 140°F

0.5 to 3.0

0.3 to 8.0 Fuel/Oxidizer
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TABLE III

COMPARISON OF HEAT RELEASE RATES AND VAPOR PRESSURE

Fuel
Nan
9
UDMH
MMH

Pv(psia) Heat Release Rate
at 100°F Kcal/sec-mole of NTO
0.65 4 x 104
1.0 14 x 10%
2.1 20 x 10°
TABLE IV

EXPECTED HIGH PRESSURE SEPARATION LIMITS

Fuel
N,H
MMH

A-50
UDMH

Mg

Separation
Limit
(psia)
300
(measured)
400
500

700
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50 100 150 200 250
Fuel Temp, °F

Figure 1. Effect of Fuel Temperature on ERE
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. Figure 2. Effect of F/E and Chamber Length on ERE
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. Figure 3.
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Effect of Pops on Stability
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Figure 4.

e MIXED - Injection process
results in uniform mixture of fuel
and oxidizer and high combustion
efficiency.

e SEPARATED - Injection process
results in the separation of fuel and
oxidizer before mixing with the pro-
pellants remaining in their respective
side of the element. Results in a low
combustion efficiency which will im-
prove to some degree with increasing
chamber length.

e PENETRATED - Injection process
results in the penetration of the fuel
and oxidizer with propellants unmixed
on the opposite side of the element.
Same effect on combustion efficiency as
separated flow regime.

@ POPPING - Cyclic blowapart of
a single element or the spray detonation
of a large group of elements. Random
occurrence which could lower the over-
all time averaged combustion efficiency
and effect combustion stability.

Reactive Stream Impingement Regime
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Surface Reactions

INO, + 4 NJHy—=2 NJO + NO + 2.5 N, + 2H,0 + 8H, + NH,NO,

NO

Y{;}7 LNO IGNITION]

N,H, Decomposition
24
: Flame

— Oxidation
Flame
IGNITION

Vapor Phase Reactions

2NO, + 2N H,—=3N, + 4H,0

2 24 2 2

Figure 17. Hypergolic Ignition Process
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NoO4 Mass Concentration

Diffusion
or Mixing
Controlled

I- Vapor
Phase
0.7 P- Kinetics
0.6 F NMa
Decomposition
Kinetics
0.5 F
0.4 ¥
0.3 I
\\ \\

2.5 3.0

N H, Temp ~1/T °K x 10°

2"

Ignition

IGNITION

NO IGNITION -
SURFACE
REACTIONS

3.5

Figure 18. N2H4/N204 Igh1t1on L1mjts
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Interface

Figure 19. High Pressuré Separation Model
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APPENDIX A

COMPUTER LISTINGS AND DATA SUMMARIES
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